system (x = 0, 5, 10, 20, 30, 40, 50 and 60). 
I. Introduction
Chalcogenide glasses are amorphous materials based on S, Se or Te element in combination with a suitable element from 13 th (Ga, In), 14 th (Si, Ge) or 15 th (As, Sb) group of the periodical table. They form an important class of inorganic materials studied many years for their specific properties leading to many interesting applications. Amorphous chalcogenides present unusual characteristics such as a wide transparency in the infrared range (≈1-12 μm for sulfides, ≈1-16 μm for selenides and ≈2-20 μm for tellurides) 1, 2 , photosensitivity 3, 4, 5, 6 , high linear-and non-linear refractive index 7, 8, 9, 10, 11 and a suitable shaping ability (to fabricate fibers 12, 13 or thin films 14, 15, 16 ). Thereby various applications were developed using chalcogenide glasses: chemical and biochemical sensors 17, 18, 19 , components for high speed
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. all-optical processing of telecommunications signals 20, 21 or phase change materials for rewritable data storage 22 .
Amorphous chalcogenides are commonly used as thin films, which can be fabricated from a solid material through different physical vapor deposition methods: RF magnetron sputtering 23, 24, 25 , pulsed laser deposition (PLD) 6, 24, 26 , thermal evaporation 23, 26 or electron beam deposition 27 . Among mentioned methods, PLD seems to be promising for chalcogenide thin films fabrication due to its flexibility, easy control of the deposition process, possibility to fabricate multilayered structures and often stoichiometric material transfer from the target to the films 5, 6 .
From a wide variety of chalcogenide glass-forming systems, Ge-Sb-Se one, especially in thin films form, already proved to offer a great potential for photonic devices such as chemical sensors 25, 28, 29 because it does not contain arsenic, which is environmentally improper due to its high toxicity in elemental form 23 . This system has a large glass-forming region 30 which gives the possibility to adjust the chemical composition of the glasses according to required physical characteristics. The optical properties and structure of chalcogenide glasses within the pseudo-binary (GeSe 2 ) 100-x (Sb 2 Se 3 ) x (5 ≤ x ≤ 70) system have previously been characterized 7, 31 . Reported structural analyses of (GeSe 2 ) 100-x (Sb 2 Se 3 ) x glasses based on Raman scattering spectroscopy reveal a progressive change in the glassy network structure with the introduction of rich glasses seem to contain slightly higher number of homopolar Sb-Sb, Ge-Ge and Se-Se bonds 7 . When studying Raman spectra of corresponding thin films prepared by pulsed laser deposition in as-deposited state 6 , a higher proportion of homopolar Sb-Sb and Ge-Ge bonds
. has been evidenced in comparison with parent bulk glasses. Consequently, in this paper we aim at studying the bonding arrangement at the surface of (GeSe 2 ) 100-x (Sb 2 Se 3 ) x (0 ≤ x ≤ 60)
as-deposited PLD thin films using X-ray photoelectron spectroscopy (XPS) to understand better PLD films' structural organization.
II. Experimental Procedure
Chalcogenide glasses with the (GeSe 2 ) 100-x (Sb 2 Se 3 ) x (0 ≤ x ≤ 60) nominal composition were prepared using the conventional melting and quenching method 7 . Glasses were synthesized from high purity (5N) commercial elements. Selenium was pre-purified by a static distillation. Elements were weighted in appropriate amounts and introduced in silica ampoules. The ampoules were then evacuated and sealed. The elements were melted in a rocking furnace at 800 °C; ampoules with the melt were quenched in water and finally annealed at 20 °C below glass transition temperature (T g ). Chalcogenide glasses with a diameter of 25 mm and a thickness of 3 mm used as PLD targets were obtained after slicing and polishing the glass rods.
Thin films were obtained by PLD. In detail, Ge-Sb-Se targets were ablated with a KrF excimer laser emitting at 248 nm (Compex 102, Lambda Physik) using 300 ±3 mJ output pulse energy, pulses duration of 30 ns and 20 Hz repetition rate. Laser fluency was set at 2.6 J.cm -2 . Background pressure in the vacuum chamber before deposition was about 3-4.10 -4 Pa.
In order to obtain films with uniform thickness (±2%), off-axis PLD technique with rotating substrates and targets was used. Substrates were silicon wafers (10 × 15 mm) which were positioned parallel to the target surface at a distance of 5 cm. After the deposition, thin film samples around 0. Ge-(Se) 4 and Sb-(Se) 3 environments. For the Sb 4d and Ge 3d spectra an Lorentzian Finite (LF) profile was used, in which the asymmetry parameters were set to unity to achieve a 
III. Results and Discussion
In order to compare the local structural units present in as-deposited (GeSe 2 ) 100-x (Sb 2 Se 3 ) x PLD thin films, XPS was used to describe bonding arrangement at the surface of the layers.
Moreover, surface chemical composition was also studied by XPS and the obtained results were compared to EDS data. 
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. other than the thin films' components and residual oxygen were observed in all the (GeSe 2 ) 100-x (Sb 2 Se 3 ) x thin films' XPS survey spectra. Consequently, the chemical composition of PLD films was studied by XPS and compared to EDS values (Fig. 2) . For all the Ge-Sb-Se compositions under study, the agreement between these two methods is fine and very similar general behavior is observed. Thereby, a deficiency in chalcogen content (lower than 4 at. %) and an excess of antimony were observed in comparison with glass targets real composition. The loss of selenium is probably caused by its high volatility compared to germanium and antimony. In the case of germanium, when its content is lower than ≈ 25 at. %, the agreement between the composition of the films and theoretical one is very good as shown in Fig. 2 . For higher Ge content, small excess of this element in the films is observed.
The bonding characteristics of as-deposited (GeSe 2 ) 100-x (Sb 2 Se 3 ) x (x values varying from 0 to 60) thin films were studied by analyzing the core level XPS spectra taking into account earlier papers 25, 33, 34 . Fig. 3 (a, b, c) shows the Sb 4d and Ge 3d core level spectra for films with x=5, x=20 and x=60. The binding energy (BE, eV), the full width at half maximum (FWHM, eV) and the proportion of bonds (%) of the different components used for the fitting of core level spectra of as-deposited thin films are presented in Table II . As expected due to the chemical composition, the Sb core-level spectra area increases with the introduction of antimony (or increase of x value) and a corresponding decrease in the area of Ge core-level spectra is observed. 25 .
In analogy, three doublets are used to describe the Sb 4d core-level spectra. The (Table II) . In contrast with this XPS analysis of Ge-rich Sb x Ge 40-x Se 60 glasses 34 , the mentioned additional doublet associated to Sb and Ge entities with a substitution of two and more Se atoms by Ge or Sb atoms were not required for the description of Sb 4d -Ge 3d core level spectra in this work.
As results from XPS data analysis performed in this study, the proportion of Sb-(Se) 3 arrangements increases from 3.9 at.% (for x=5) to 28.4 at.% (for x=60) and the proportion of Ge-(Se) 4 arrangements decreases from 33.1 at.% (for x=0) to 7.9 at.% (for x=60) ( Table 2) .
These values confirm that the amorphous network of as-deposited thin films slowly evolves from a [GeSe 4/2 ] tetrahedra dominated structure to a [SbSe 3/2 ] trigonal pyramidal one.
Furthermore, the proportion of (Ge,Sb)-Sb-(Se) 2 bonds ranges from 6.5 to 21 % (from x=5 to 20) and then this proportion decreases to 7.5 % (x=60) (Table II) . Similarly, the proportion of (Ge,Sb)-Ge-(Se) 3 bonds increases from 10.3 to 29.5 % from x=0 to 50 and then decreases to 16.6 % for x=60 (Table II) . The lower value observed for x=30 film could be related to more important amount of (Se y )-Sb-O x (11.7 %) and (Se y )-Ge-O x (5.8 %) bonds at the surface of the films. In the case of XPS analysis of selenium, two doublets (3d 5/2 and 3d 3/2 ) were used to fit correctly Se 3d core level spectra. Fig. 3 (d, e and f) illustrates fitting of Se 3d core level spectra for x=5, 20 and 60. The Se 3d core level spectra presents a main component located from 53.47 to 53.78 eV depending on composition which can be attributed to the (Ge,Sb)-Se-(Ge,Sb) entities ( Table 2) . The second doublet, located from 54.02 to 54.35 eV, is assigned to the Se-Se-(Ge,Sb) entities 33, 34, 35 . A very slight shift towards lower energies was observed for PLD films with the introduction of antimony as shown in Fig. 4b . Therefore Se-Se-(Ge,Sb)
and Se-(Ge,Sb) 2 arrangements are shifted from 54.35 to 54.02 eV (from x=0 to x=40) and from 53.75 to 53.47 eV (from x=5 to x=40) ( Table 2 ). The content of (Ge,Sb)-Se-(Ge,Sb) (80.8 -89.9 %) and Se-Se-(Ge,Sb) (10.1 -19.2 %) bonds is almost independent of composition for all (GeSe 2 ) 100-x (Sb 2 Se 3 ) x thin films (Table 2 ). Due to the comparable electronegativities of Ge and Sb, the contributions from Ge and Sb are similar but not exactly the same. Indeed, Sati et al. 34 reported higher FWHM values for the two doublets attributed to (Ge,Sb)-Se-(Ge,Sb) and Se-Se-(Ge,Sb) environments (0.8-0.9 eV) in comparison to doublets of binary Ge-Se chalcogenide glasses (0.6-0.7 eV). In the case of Ge-Sb-Se sputtered thin films, FWHM values of those doublets are also higher (0.9-1.0 eV) 33 . In the line with mentioned data, XPS bands of as-deposited PLD thin films present also higher FWHM values (0.8-1.0 eV, Table 2 ), similar to Ge-Sb-Se bulk glasses and sputtered thin films.
. comparison with the films sputtered at Ar pressure of 1.10 -2 mbar), the proportion of (Ge,Sb)-Ge-(Se) 3 entities is about 14.1% (Table 2 ) and 12% for as-deposited PLD and sputtered thin films, respectively. In the same way, the proportion of (Ge,Sb)-Sb-(Se) 2 entities is about 11.5% (Table 2 ) and 9% for PLD and sputtered thin films, respectively. As mentioned above, local structure analysis of (GeSe 2 ) 100-x (Sb 2 Se 3 ) x bulk glasses 7 , PLD 6 and sputtered thin films On the other hand, M-M bonds proportion seems to be to some extent overestimated by XPS analysis for as-deposited PLD thin films with the nominal composition Ge 12.5 Sb 25 Se 62.5 (x=50). In fact, the proportion of (Ge,Sb)-Ge-(Se) 3 entities is about 29.5% (Table II) and 7% for as-deposited PLD and sputtered thin films, respectively. Further, the proportion of (Ge,Sb)-Sb-(Se) 2 entities is about 15.0% (Table II) and 0% for PLD and sputtered thin films, respectively. This is consistent with Raman analysis of sputtered thin films 33 which demonstrates that for higher Ar pressure, the M-M bonds are almost not observed. If we consider the Raman spectroscopy data for sputtered film deposited with Ar pressure lower than 1.10 -2 mbar, the spectrum of PLD film (x=50) looks like Raman spectra of such sputtered films. The PLD film Raman spectrum shape is between those of two sputtered films (7.5.10 -3 and 5.10 -3 mbar). From XPS analysis, the proportion of (Ge,Sb)-Ge-(Se) 3 entities for these two sputtered films is 19% and 47%, respectively. The semiquantitative analysis of Raman spectra of PLD film (x=50) compared to sputtered films let
. expect proportion of (Ge,Sb)-Ge-(Se) 3 entities around 22-25%. Thus, the general agreement between Raman and XPS analysis is good keeping in mind that only first ten nanometers are probed by XPS. Although, it seems that there is a slight overestimation of (Ge,Sb)-Ge-(Se) 3 entities by the XPS analysis of PLD film (x=50).
The BE values found for PLD layers are in good agreement with sputtered thin films'
XPS analysis: Ge-(Se) 4 and Sb-(Se) 3 33 . The comparison of PLD and sputtered layers with x=10 gives the proportion of Se-Se-(Ge,Sb) entities about 13.6% (Table 2 ) and 14% for as-deposited PLD and sputtered thin films (at 1.10 -2 mbar Ar) 33 , respectively. In layers with x=50, the content of Se-Se-(Ge,Sb) entities is about 16.2% (Table 2 ) and 22% for as-deposited PLD and sputtered (at 1.10 -2 mbar) thin films, respectively. Binding energies revealed for PLD thin films are also in agreement with those observed for RF sputtered thin films. For x=10 films, Se-Se-(Ge,Sb) entities are located at 54.30 eV (Table 2 ) and 54.32 eV for as-deposited PLD and sputtered (1.10 -2 mbar Ar pressure) layers, respectively 33 . For Sb-rich thin films (x=50), these entities are situated at 54.06 eV ( 25 . The proportion of Se-Se homonuclear bonds is surprisingly high in these both compositions (x=10 and x=50) close to stoichiometric composition or with deficit in chalcogen element as shown in Table I with relatively low content of M-M bonds. As it was already mentioned in previous work 25, 33 , another contribution to this second Se 3d core level component spectrum might be considered: Se involved in bonds between two [GeSe 4/2 ] tetrahedra connected by edges could also contribute to Se-Se-(Ge,Sb) component.
It is worthy to mention that other techniques were already used for the structural analysis of Ge-Sb-Se glasses, for example neutron diffraction, X-ray diffraction or extended X-ray fine structure analysis. Pethes et al. 36 which is distinctive to the analysis performed by XPS spectroscopy for physical vapor deposited Ge-Sb-Se films. However, the rapid quenching during the synthesis of the thin films is likely to generate more defects than parent glasses and deviate from a perfect chemically ordered network model.
IV. Conclusion
In this paper, amorphous chalcogenide thin films with the nominal composition (GeSe 2 ) 100- 
